1. Introduction {#sec1}
===============

Metal-immobilized heterogeneous polymeric catalysts have received great attention.^[@ref1]−[@ref7]^ They can be separated easily by filtration after reaction and reused in subsequent reactions, while homogeneous metal catalysts usually require cumbersome and costly workups to separate the metal catalyst from the products. These advantages make heterogeneous catalysts suitable for continuous-flow operations, which are more appropriate than batchwise processes for large-scale industrial syntheses. However, heterogeneous catalysts generally possess lower catalytic activity than homogeneous catalysts because catalytic reactions must proceed heterogeneously. In addition, because polymeric catalysts are prepared by loading the metals heterogeneously, metal aggregation occurs on the supports, which decreases catalytic activity. Compared with the common heterogeneous catalysts, metal ion-immobilized nanosheets possess nanometer thickness to allow rapid mass transport, charge transfer, and an extremely high percentage of an exposed catalytically active surface to ensure better catalytic activity.^[@ref8]−[@ref19]^ Therefore, several organic reactions catalyzed with metal-immobilized nanosheets have been investigated recently.^[@ref20]−[@ref25]^

Metal ion-immobilized nanosheets can be synthesized with a bottom-up method.^[@ref26]−[@ref31]^ The bottom-up synthesis of nanosheets was accomplished at the interface between an organic layer containing polydentate ligands and an aqueous layer containing metal ions. This approach has significant advantages compared to the top-down approach, which produces nanosheets by exfoliation of bulk layered materials such as graphene. First, the composition, structure, and other properties can be adjusted by selection of the ligand molecules and metal ions. Second, nanosheets that can be produced are not limited to layers of bulk materials. Therefore, a bottom-up synthesis broadens the diversity and utility of nanosheets. Examples of this include tetrakis(terpyridine) ligand-based cobalt(II) complex nanosheet,^[@ref26]^ π-conjugated cooper(II) complex nanosheet,^[@ref27]^ terpyridine-zinc(II) complex nanosheets,^[@ref28]^ bis(dipyrrinato)zinc(II) complex nanosheet,^[@ref29]^ bis(terpyridine)metal complex,^[@ref30]^ and π-conjugated nickel bis(dithiolene) complex.^[@ref31]^ However, this approach requires volatile and hazardous organic solvents, which has stimulated the development of a bottom-up synthesis of nanosheets without such solvents, providing a safer, inexpensive, and more environmentally friendly process.

Recently, the self-assembled gelation behavior of a hydrophilic polymer bearing a metal coordination unit (denoted as HPMC) and Pd^II^ ions has been reported.^[@ref32]^ The HPMC consisted of thiocarbonyl groups for metal coordination and hydroxyl groups for hydrophilicity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Self-assembled gelation occurred through coordination between the thiocarbonyl sulfurs and Pd^II^ ions, providing cross-linked gels. Dropwise addition of a dispersed aqueous solution of HPMC to an aqueous solution of Pd^II^ ions allowed instant separation of the aqueous phases of HPMC and Pd^II^ ions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). This liquid/liquid separation originated from the hydrophobicity of the HPMC phase compared to the Pd^II^ ion phase and the rapid cross-linking at the interface. The Pd^II^ ions cross-linked from the surface to the inside of the droplets of HPMC, forming the self-assembled spherical gels. This encouraged us to utilize the cross-linking at the liquid--liquid interface to enable the synthesis of nanosheets at the interface between aqueous layers of HPMC and Pd^II^ ions. Herein, we report the first example for the synthesis of nanosheet at the aqueous/aqueous interface, resulting in the formation of nanosheets containing uniformly dispersed Pd^II^ ions. Further, its catalytic activity, turnover number (TON), and turnover frequency (TOF) were evaluated.

![(a) Self-assembled gelation behavior of HPMC and metal ions. (b) Photographs of self-assembled gelation behavior of HPMC and Pd^II^ ions.](ao0c02403_0001){#fig1}

2. Results and Discussion {#sec2}
=========================

HPMC was synthesized by the reaction of poly(vinyl alcohol) and methyl isothiocyanate according to our previously reported procedure.^[@ref32]^ The synthesis of nanosheets was attempted by generation of the interface with aqueous solutions of different specific gravities and fast cross-linking between thiocarbonyl groups in HPMC and Pd^II^ ions (i.e., dropwise addition of an aqueous solution of Pd^II^ ions with a low specific gravity (1.03 g/cm^3^) to a dispersed aqueous solution of HPMC with a high specific gravity (1.50 g/cm^3^)). When the aqueous solutions with different concentrations of Pd^II^ ions (4 mL, 8--18 mM, pH 1) were carefully added to the dispersed aqueous solutions of HPMC (0.8 mL, 30 wt %, pH 1), instant cross-linking occurred, resulting in the formation of 12--18 mM film-shaped gels at the interface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Next, the process of gel formation at different reaction times was investigated ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The brown color of the coordinated Pd^II^ ions and thickness of the film formed at the interface increased with reaction time. The thinnest film formed at 5 min was transferred from the interface onto a silicon substrate using tweezers, followed by washing with distilled water and drying by lyophilization. Transmission electron microscopy (TEM) observations of the film confirmed the layered structure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). However, because the gels that formed at longer reaction times were too thick, TEM observations could not be done. To obtain thinner sheets, reaction time was shortened to 3 s. The TEM observations of the gels obtained revealed the formation of layered nanosheets ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). Scanning probe microscopy (SPM) of the nanosheets on a silicon substrate showed a thickness of approximately 117 nm (see Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf)). In contrast, the inverse addition of a dispersed aqueous solution of HPMC to a Pd^II^ aqueous solution did not generate the interface and the gels sunk into the underlying aqueous Pd^II^ layer ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf)).

![Photographs of (a) bottom-up synthesis of nanosheets by the addition of different concentrations of Pd^II^ aqueous solutions (8--18 mM) to dispersed aqueous solutions of HPMC (30 wt %) and holding for 10 min and (b) bottom-up synthesis of nanosheets by the addition of an aqueous solution of Pd^II^ ions (14 mM) to a dispersed aqueous solution of HPMC (30 wt %) for different reaction times. TEM images of (c) layered structure of the film formed at 5 min and (d) nanosheets formed at 3 s.](ao0c02403_0002){#fig2}

The nanosheet obtained was characterized structurally. In order to examine the coordination site, the IR spectra of HPMC and the nanosheet were obtained ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). The absorption peak corresponding to the C=S stretching vibration shifted from 1550 to 1570 cm^--1^, indicating that thiocarbonyl sulfur became coordinated to Pd^II^. The XPS wide-scan spectrum of the nanosheet showed peaks for Pd 3d and Cl 2p ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The Cl species originated from Na~2~PdCl~4~ that was used as a starting material; therefore, Pd^II^Cl~2~ was contained in the nanosheet. The XPS narrow-scan spectrum showed Pd 3d~5/2~ and Pd 3d~3/2~ peaks at 336.9 and 342.1 eV, respectively, which are typical of Pd^II^ species ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d).^[@ref33],[@ref34]^ The electron probe microanalysis (EPMA) mapping image showed that the Pd species (blue dots) were uniformly dispersed in the nanosheets ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf)). The uniform dispersion of Pd^II^ ions originated from polymer chains of HPMC surrounding Pd ions as cross-linking points. This result and the high area of the exposed catalytically active surface^[@ref8]−[@ref19]^ suggest that the Pd^II^ nanosheet acted as a heterogeneous polymeric catalyst with high catalytic activity and prompted the evaluation of its activity.

![IR spectra of (a) HPMC and (b) Pd^II^ nanosheet. XPS spectra of Pd^II^ nanosheet: (c) wide-scan spectrum and (d) narrow-scan spectrum.](ao0c02403_0003){#fig3}

The ability of the Pd^II^ nanosheet to act as a heterogeneous polymeric catalyst for Mizoroki--Heck cross-coupling, which is a versatile method for carbon--carbon bond formation,^[@ref35]−[@ref39]^ was investigated. Catalytic activity was evaluated by TON and TOF. The Mizoroki--Heck cross-coupling reaction of iodobenzene and methyl acrylate catalyzed with the Pd^II^ nanosheet (0.03 mol % Pd to iodobenzene) was conducted in *N*-methylpyrrolidone (NMP) in the presence of tributylamine at 140 °C for 24 h ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). After the reaction, the catalyst was separated by filtration and the yield was monitored by GC analysis to prevent loss during workup. The reaction produced a quantitative yield of the product ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). The nanosheet morphology was maintained after the reaction, which was confirmed by TEM analysis ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf)). Atomic absorption spectrometry (AAS) showed that the Pd^II^ ions were not detected after the reaction, indicating that Pd^II^ ions are still on the nanosheet. The same reaction under similar conditions with subsequent separation of the catalyst by filtration followed by recrystallization produced methyl *trans*-cinnamates in 94% yield. Because the Pd^II^ nanosheet promoted the Mizoroki--Heck reaction, its catalytic activity was evaluated to determine the TON and TOF ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Decreasing the amount of the catalyst in the reaction increased the TON and TOF while maintaining quantitative yields (entries 1--4). The highest TON and TOF values were \>3,333,333 and 138,889, respectively (entry 4). Yield remained quantitative in the reaction (entry 4), which will further increase the TON and TOF values. These are the greatest TON and TOF values reported in heterogeneous polymeric catalysts for the Mizoroki--Heck reaction.^[@ref32],[@ref40]−[@ref49]^ The reactions in the presence and absence of the polymer without Pd^II^ were tested, and the reaction did not proceed. This high catalytic activity was attributed to the uniform dispersion of Pd^II^ ions in the Pd^II^ nanosheets and the high area of the exposed catalytically active surface.^[@ref8]−[@ref19]^ However, the extremely high activity cannot be explained by these two factors alone. The coordination of the polymer with long chains and the low mobility of Pd^II^ ions resulted in the formation of specific complexes that did not conform to the 18 electron rule, which is frequently applied to low-molecular-weight complexes, and that allowed high reactivity.

![Mizoroki--Heck Reaction of Iodobenzene and Methyl Acrylate Catalyzed with the Pd^II^ Nanosheet](ao0c02403_0005){#sch1}

###### Catalytic Activity (TON and TOF) of a Pd^II^ Nanosheet in the Mizoroki--Heck Cross[-]{.ul}Coupling Reaction of Iodobenzene and Methyl Acrylate[a](#t1fn1){ref-type="table-fn"}

  entry   catalyst amount (mol % Pd)   yield (%)[b](#t1fn2){ref-type="table-fn"}   TON[b](#t1fn2){ref-type="table-fn"}   TOF (h^--1^)[b](#t1fn2){ref-type="table-fn"}
  ------- ---------------------------- ------------------------------------------- ------------------------------------- ----------------------------------------------
  1       0.03                         98                                          3267                                  136
  2       0.003                        100                                         33,333                                1389
  3       0.0003                       100                                         333,333                               13,889
  4       0.00003                      100                                         ≥3,333,333                            ≥138,889

Conditions: \[iodobenzene\]0 = 1.0 M; \[methyl acrylate\]0 = 1.2 M; NMP = 5.0 mL; undecane = 0.4 mL; reaction temperature = 140 °C; reaction time = 24 h.

Determined by GC analysis.

In the Heck reaction of iodobenzene and methyl acrylate, a control experiment was performed to confirm that the insoluble catalyst promoted the reaction under heterogeneous conditions (experimental procedure is described in page 2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf)). The reaction was performed under conditions identical to those in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1 (1.0 M iodobenzene, 1.2 M methyl acrylate, 0.03 mol % Pd in Pd^II^ nanosheet to iodobenzene, 1.0 M tributylamine, 0.5 M undecane). After 15 min reaction (54% yield of the product), the catalyst was removed by membrane filtration (pore size = 0.45 μm), and the filtrate was stirred for an additional 20 h. Gas chromatography confirmed that reaction did not proceed further, indicating that the reaction proceeded only under heterogeneous conditions. In addition, AAS confirmed that the original catalyst loading did not leach. In order to investigate the economy of the reaction, the reusability of the Pd^II^ nanosheet was examined for the Mizoroki--Heck reaction of iodobenzene and methyl acrylate in NMP at 140 °C for 24 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). After the reaction, which produced a 98% yield of the corresponding product, the Pd^II^ nanosheet was recovered by filtration, washed successively with tetrahydrofuran, water, and methanol, and dried *in vacuo*. The catalyst then was subjected to five more cycles under similar conditions and gave the product without the loss of catalytic activity, indicating the high recyclability of the Pd^II^ nanosheet.

![Reusability of the Pd^II^ nanosheet in the Mizoroki--Heck cross-coupling reaction of iodobenzene and methyl acrylate in NMP at 140 °C for 24 h. Conditions: \[iodobenzene\]~0~ = 1.00 M; \[methyl acrylate\]~0~ = 1.20 M; Pd^II^ nanosheet = 11.4 mg (1.5 × 10^--3^ mmol of Pd, 0.03 mol % Pd to iodobenzene); NMP = 5.00 mL; undecane = 0.4 mL. Determined by GC analysis.](ao0c02403_0004){#fig4}

3. Conclusions {#sec3}
==============

In conclusion, a nanosheet containing uniformly dispersed Pd^II^ ions was synthesized successfully at an aqueous/aqueous interface. The synthesis of the nanosheet was achieved through generation of the interface by the addition of an aqueous solution of Pd^II^ ions with a low specific gravity (1.03 g/cm^3^) to a dispersed aqueous solution of hydrophilic polymer with a high specific gravity (1.50 g/cm^3^) along with rapid cross-linking at the interface. The Pd^II^ nanosheet obtained acted as a highly active catalyst for the Mizoroki--Heck cross-coupling reaction with a TON and TOF of greater than 3,333,333 and 138,889 h^--1^, respectively. These are the greatest TON and TOF values reported for heterogeneous catalysts for the Mizoroki--Heck reaction. The extremely high catalytic activity of the Pd^II^ nanosheet is now being applied to difficult substrate conversion reactions such as Mizoroki--Heck and Suzuki--Miyaura cross-coupling reactions with chlorobenzene derivatives and oxidations of methane and lower alkanes into alcohol derivatives.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

Polyvinyl alcohol (PVA, average polymerization degree = 1200) (Wako Pure Chemical) was used as received. Methyl isothiocyanate (Tokyo Kasei Kogyo, \>98.0%) was distilled prior to use. Sodium tetrachloropalladate(II) (Na~2~PdCl~4~, Tokyo Kasei Kogyo, \>98.0%) was commercially available and used as received. Iodobenzene (Tokyo Kasei Kogyo, \>99.0%) was distilled under CaH~2~ and methyl acrylate (Tokyo Kasei Kogyo, \>99.0%) and used as received. Dimethyl sulfoxide (DMSO, Wako Pure Chemical, \>99.0%), *N*-methyl-2-pyrrolidone (NMP, Wako Pure Chemical, \>99.0%), and tributylamine (Tokyo Kasei Kogyo, \>98.0%) were distilled under CaH~2~. Undecane (Tokyo Kasei Kogyo, \>99.5%) was distilled prior to use.

4.2. Instruments {#sec4.2}
----------------

^1^H NMR spectra were recorded with a Bruker Avance III HD500 instrument using tetramethylsilane as an internal standard; δ values are given in parts per million (ppm). Flame atomic absorption spectrometry was conducted using a Hitachi Z-2310 polarized Zeeman atomic absorption spectrometer (AAS). IR spectra were recorded with a Jasco FT/IR-5000 spectrometer, and values are provided in cm^--1^. X-ray photoelectron spectra (XPS) were obtained using a Kratos AXIS-NOVA instrument. Gas chromatography (GC) was conducted using a Shimadzu GC-2014 ATF/SPL instrument equipped with an ULBON HR-1 capillary column, which was equipped with a flame ionization detector and helium as the carrier gas. Transmission electron microscopy (TEM) was conducted using a JEOL JEM-2100F microscope at an acceleration voltage of 20 kV. Samples for TEM analysis were set on a Cu grid. Scanning probe microscopy (SPM) was conducted using a JEOL JSPM-5200 instrument in the dynamic mode. Samples for SPM were set on a silicon substrate and dried under vacuum. Electron probe microanalysis (EPMA) was conducted using a Shimadzu EPMA-1600 instrument.

4.3. Synthesis of Pd^II^ Nanosheets {#sec4.3}
-----------------------------------

An aqueous solution of Pd^II^ ions (14 mM, 4 mL, pH 1) was gently added to a dispersed aqueous solution of HPMC (30 wt %, 0.8 mL, pH 1) in a petri dish. After 3 s, the resulting nanosheets were transferred from the interface between the Pd^II^ ion layer and HPMC layer onto a silicon substrate. The nanosheets were washed with distilled water, followed by lyophilization for drying.

4.4. Cross-Linking of Pd^II^ Nanosheets {#sec4.4}
---------------------------------------

Because Pd^II^ nanosheets are soluble in NMP at high temperatures (140 °C), which is the required temperature for the Mizoroki--Heck reaction, they were cross-linked with hexamethylene diisocyanate. The Pd^II^ nanosheets (0.200 g) were added to a mixture of hexamethylene diisocyanate and NMP (20 mL/60 mL), and the mixture was shaken at room temperature for 20 h. The resulting nanosheets were separated by filtration, washed with NMP (100 mL), and dried in a vacuum oven at 80 °C. The resulting nanosheets were washed in NMP at 140 °C for 20 h repeatedly until Pd^II^ ions could no longer be detected by AAS. After washing with NMP, the resulting nanosheets were washed with MeOH (40 mL) and dried in a vacuum oven at 80 °C until the weight of the nanosheets remained constant. The structure of the nanosheet after cross-linking was not disrupted, which was confirmed by TEM analysis ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf)).

Loading amount = 14.0 mg~Pd~/g~nanosheet~

4.5. Mizoroki--Heck Reaction Catalyzed with Pd^II^ Nanosheet (Typical Procedure) {#sec4.5}
--------------------------------------------------------------------------------

NMP (5.00 mL), iodobenzene (0.540 mL, 5.00 mmol), methyl acrylate (0.540 mL, 6.00 mmol), Pd^II^ nanosheet (11.4 mg, 1.5 × 10^--3^ mmol Pd, 0.03 mol % Pd to idobenzene), and undecane (0.4 mL as an internal standard) were added to a glass ampule under nitrogen. The glass ampule was sealed and stirred at 140 °C for 24 h. GC analysis showed a quantitative yield of methyl-*trans*-cinnamate.

The above reaction was also conducted without undecane. The resulting solution was allowed to cool to room temperature, followed by taking up in CHCl~3~ (30.0 mL), washing with distilled water (30 mL × 3), and drying over MgSO~4~. After filtration, CHCl~3~ was evaporated, and the residue was recrystallized from hexane ethyl acetate (v/v = 2:1) to give methyl *trans*-cinnamate in 94% yield.

^1^H NMR (500 MHz, DMSO, δ, ppm, rt.): 3.81 (s, 3H, −COOC*H*~3~), 6.47 (d, 1H, ---CH=C*H*---COOCH~3~, *J* = 16.0), 7.42--7.56 (m, 5H, Ph), 7.78 (d, 1H, ---CH=C*H*---COOCH~3~, *J* = 16.0).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02403](https://pubs.acs.org/doi/10.1021/acsomega.0c02403?goto=supporting-info).Experimental procedure for the control experiment of the Mizoroki--Heck reaction; scanning electron microscopy image of a Pd^II^ nanosheet (Figure S1); photographs of the bottom-up synthesis of nanosheets (Figure S2); Electron probe microanalysis mapping image of a Pd^II^ nanosheet (Figure S3); and transmission electron microscopy images of the nanosheet after cross-linking (Figure S4) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02403/suppl_file/ao0c02403_si_001.pdf))
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